Background: Technological advancements in neuroimaging and the increased use of these diagnostic modalities are responsible for the discovery of incidentally identified anomalies within the CNS. In addition to the identification of unanticipated brain MRI abnormalities suggestive of demyelinating disease in patients undergoing neuroimaging for a medical reason other than evaluation for multiple sclerosis (MS), asymptomatic spinal cord lesions are periodically identified.
Imaging of the CNS has provided fundamental knowledge regarding the association between structural elements and function in relation to disease. Incidentally observed findings have been an inevitable consequence of the discovery and implementation of medical noninvasive imaging. Unanticipated intracranial anomalies may be nonspecific, indicative of distinct pathology (e.g., brain infarction, vascular malformations, or intracranial tumors), 1, 2 or may be highly suspicious for demyelinating disease based on the morphology and geographic distribution of the lesions within the brain parenchyma. [3] [4] [5] Existing literature suggests that there is a spectrum of asymptomatic demyelination, extending from the premortem to the postmortem period. [6] [7] [8] Further expanding upon the phenotype of at-risk individuals, the term radiologically isolated syndrome (RIS) 9 was recently proposed to describe asymptomatic individuals who possess radiologic abnormalities highly suggestive of multiple sclerosis (MS).
In addition to the identification of brain MRI abnormalities suggestive of demyelinating disease, asymptomatic spinal cord lesions are periodically identified-either during the course of the medical query, or as the initial focus of incidentally observed abnormality prior to brain imaging. The relationship between asymptomatic spinal cord lesions and clinical outcomes, and the frequency and potential relevance to disease progression in subjects with RIS, are unknown. The principal aim of this investigation was to determine if asymptomatic spinal cord lesions are associated with clinical progression in subjects with RIS.
METHODS Study participants. The cohort was ascertained through a retrospective analysis of individuals at the University of California, San Francisco (UCSF) Multiple Sclerosis Center who fulfilled previously described criteria for RIS. 9 Subjects meeting RIS criteria were invited to have their clinical and radiologic data evaluated. In all cases, data from a detailed clinical history, comprehensive neurologic evaluation, serologic studies, and imaging studies were available for review.
Standard protocol approvals, registrations, and patient consents. The research protocol was approved by the UCSF Committee on Human Research, and informed consent was obtained from all participants.
Structural neuroimaging. All patients included had previously undergone one or more MRI studies of the brain that established the diagnosis of RIS using nonuniform protocols at magnetic field strengths of 1.5 T or 3.0 T. These scans were performed at multiple academic and community institutions, yielding MRI studies containing images with varying slice thicknesses and gaps between acquired images. For purposes of this study, we included patients who also had cervical spine imaging conducted prior to the development of clinical symptoms or signs consistent with relapsing or progressive MS. In select cases (n ϭ 17), imaging of the thoracic spine was also performed. All examinations included T1-and T2-weighted spin-echo sequences in multiple planes of view (axial, coronal, and sagittal) with and without the administration of gadolinium. Gadolinium was administered in all MRI studies of the cervical spine.
In all cases, incidental MRI abnormalities within the brain or spinal cord were identified by a neuroradiologist on the initial examination and subsequently reviewed by at least 2 MS specialists (D.O., D.P.) who were blinded to the formal reading. A qualitative and quantitative (i.e., number of T2 foci, presence or absence of gadolinium enhancement) analysis of the available brain and cervical spine imaging studies was performed on all study participants.
Brain MRI lesion load from the initial available scan for RIS cases was classified into 3 categories based on the number of lesions measuring Ն3 mm 2 : 1) Ͻ5 T2 foci, 2) 5-10 T2 foci, and 3) Ͼ10 T2 foci. Cervical spine imaging studies containing anomalies highly suggestive for demyelinating disease were deemed significant if the following criteria were met: 1) focal or multifocal involvement of the spinal cord parenchyma with ovoid, well-circumscribed lesions; 2) noncontiguous lesions involving Յ2 spinal segments; 3) imaging anomalies observed on more than one MRI sequence or plane; and 4) imaging anomalies not consistent with a vascular malformation (figure). Scans were excluded if a structural defect (i.e., protruding disc) or other medical condition could better account for the parenchymal signal changes within the cervical spinal cord.
Statistical analysis. Medians with interquartile ranges (IQR)
(25th-75th percentiles) were used to summarize the demographic, clinical, and radiologic data.
The performance of the presence of a cervical spine lesion in predicting clinical progression was determined with true positives (subjects with RIS with an abnormal cervical spine MRI study with clinical progression to either clinically isolated syndrome [CIS] or primary progressive MS [PPMS]), false positives (subjects with RIS with an abnormal cervical spine MRI study with no clinical progression), true negatives (subjects with RIS with no cervical spine lesions and no clinical progression), and false negatives (subjects with RIS with no cervical spine lesions but developing clinical progression) used in determining the sensitivity (true positives/true positives ϩ false negatives), specificity (true negatives/true negatives ϩ false positives), and positive predictive value (true positives/true positives ϩ false positives) with corresponding 95% confidence intervals (CI). The receiver operating characteristic (ROC) area ([sensitivity ϩ specificity]/2) and likelihood ratios (Ϯ) were also determined. A 2-tailed Fisher exact test was used for analysis of the contingency tables with odds ratios (ORs), 95% CI, and p values calculated. The presence of asymptomatic cervical spinal cord lesions was the primary predictor in a logistic regression model in which the outcome was defined as clinical progression to either CIS or PPMS. 10 Covariates that were considered for the multivariate models included age at the time of first RIS scan, race/ethnicity, gender, presence of brain contrast-enhancing lesions, family history of MS, presence of brainstem or posterior fossa lesions, exposure to disease-modifying therapy, length of clinical followup, and the brain MRI lesion load score. The effect of accounting for differences in length of clinical follow-up times and the duration between the first and last structural neuroimaging study acquired for a given subject prior to the development of CIS was also assessed. These covariates were screened in a univariate model; those that appeared to be meaningful were included in the multivariate logistic regression model, generating ORs and 95% CI and p values. A p value Յ0.05 was considered significant. Statistical analyses were performed using Stata/SE 10.0 (Stata Corporation, College Station, TX).
RESULTS
A total of 102 individuals meeting criteria for RIS were identified. Longitudinal clinical data were available on 93 subjects. Cervical spine MRI scans acquired prior to the development of the first clinical event in subjects with RIS were available in 71 of these cases. Thoracic MRI scans were acquired on 17 subjects. Some subjects with RIS were excluded from this analysis due to either the lack of a cervical spine MRI study (n ϭ 17) or a cervical imaging study acquired after the onset of clinical symptoms (n ϭ 5). The demographics of the excluded subjects without presymptomatic cervical spine MRI studies were not significantly different from the study cohort (data not shown). Table 1 summarizes the demographic data of the study cohort.
The reasons for brain MRI were highly varied (table 1). The majority of the cases underwent brain MRI for evaluation of headache. A brain MRI scan was the initial neuroimaging study acquired with the exception of 3 cases in which CT imaging of the head was performed following a traumatic event, revealing brain parenchymal anomalies prior to the acquisition of brain MRI sequences. Cervical spinal cord imaging was acquired on one patient prior to the brain MRI during the evaluation of a congenital cervical rib. Overall, the reasons for acquiring a cervical spine MRI evaluation were nonuniform, with data acquired at the discretion of the referring physician or MS specialist providing longitudinal care. Cervical spine MRI scans were acquired shortly after RIS identification (median time 0.34 years [IQR 0.0 -7.8]) during the medical workup for demyelinating disease, or as a baseline measure of disease during longitudinal care.
Cervical spinal cord anomalies highly suggestive of demyelination were discovered on imaging prior to clinical progression in 25 (35%) of the 71 subjects. Table 1 Demographics of subjects with RIS with cervical spine MRI terval from the cervical spine imaging study to the first clinical event. The most common clinical event for these subjects was localized to the spinal cord, long tract motor, or long tract sensory pathways (n ϭ 15) followed by involvement of the brainstem (n ϭ 4) and optic nerve (n ϭ 2). Prior to the development of the initial neurologic event, no focal deficits were identified on the neurologic examination. Of the subjects who progressed clinically, 2 demonstrated a progressive subtype and subsequently met criteria for PPMS. Clinical progression to an acute event was observed in 3 (brainstem [n ϭ 2], optic nerve [n ϭ 1]) of the 46 subjects who did not possess an abnormality within the cervical spinal cord. Table 2 summarizes the clinical outcomes from subjects with RIS with cervical spine MRI data.
Of the subjects with RIS with cervical spine lesions who progressed clinically, 19% were referred to our Center after the first clinical episode. Of the 3 individuals who progressed clinically but lacked involvement of the cervical spine, all subjects developed an initial event while being actively followed in our Center.
The diagnostic predictive value of an asymptomatic spinal cord lesion in subjects with RIS for development of the first clinical relapse or progression to a diagnosis of PPMS was determined with a sensitivity of 87.5% (95% CI 67.6 -97.3), specificity of 91.5% (79.6 -97.6), and positive predictive value of 84.0%. A substantial increase in the odds of clinical progression was observed (OR 75.3 [16.1-350.0]; p Ͻ 0.0001, 2-tailed Fisher exact test) in those subjects with RIS who possessed one or more lesions within the cervical spine (table 3) .
Next, a multivariate regression model was used to assess the relative influences of several baseline covariates on the clinical outcome (table 4). In the multivariate logistic regression model, a substantial increase in the odds of clinical progression was observed when abnormalities typical for MS were present within the cervical spinal cord (OR 128.0, 95% CI 13.0 -1256.5, p Ͻ 0.0001), whereas the presence of a lesion within the brainstem or posterior fossa involvement was moderate (OR 9.2 [1.1-75.2], p ϭ 0.04). The association of age with progression also appeared to be important; for every 10-year increase in age, the odds of converting clinically were reduced (OR 0.38 [0.15-0.97]; p ϭ 0.04).
PPMS subtypes were identified in a total of 3 cases; however, only 2 (61-year-old man and 66year-old woman) were incorporated into the data analysis. The third case involved a 41-year-old man, Table 2 Summary initially imaged (brain scan) following a spell who subsequently developed progressive unilateral leg weakness persisting over 12 months approximately 2 years after RIS identification. A spinal cord MRI scan was acquired after the report of progressive leg weakness revealing 3 nonenhancing foci throughout the cervical spine. His case was removed from the data analysis because the cervical imaging study was acquired after the onset of a clinical symptom. In both PPMS cases, formal criteria for PPMS were met. 10 When a sensitivity analysis was performed with progressive subtypes removed, no significant changes in the outcomes were observed.
DISCUSSION
This study found a significant relationship between unanticipated radiologic anomalies within the cervical spinal cord of patients with RIS with clinical progression. Our results suggest that those asymptomatic individuals who possess abnormal foci within the brain and cervical spinal cord, in comparison to the brain alone, are at high risk for developing acute or progressive clinical symptoms. Importantly, this risk is independent of brain lesion load.
The reason for the acquisition of a cervical spine MRI study varied widely between subjects. We believe that cervical spine imaging studies were obtained in some RIS cases to support the diagnosis of demyelinating disease or to establish a baseline measure of involvement. If cervical spine imaging studies were performed in the setting of a perceived equivocal brain MRI study for demyelination, a bias toward the null hypothesis of finding no effect would be expected. The fact that such a strong association was still observed with our data affirms the importance of this predictor for defining risk.
Based on our observations about the high predictive value of asymptomatic spinal cord lesions, it is now our Center's practice to acquire a cervical spine MRI study for all RIS cases. The sensitivity, specificity, and positive predictive value compare favorably to proposed MS diagnostic criteria 10-12 that utilize radiologic evidence for dissemination in space and time following a single clinical event. The clinical utility of these criteria apply principally to assigning risk for further disease activity in CIS cases. Subjects with RIS with an asymptomatic cervical cord lesion may possess a comparable risk profile for conversion to MS similar to CIS. In addition, subjects with RIS without cervical spinal cord lesions may have a risk of disease progression comparable to CIS cases lacking brain lesions as only 7% of these subjects progressed clinically. This comparison underscores the importance in assessing disease progression and potential value in defining risk of clinical progression in asymptomatic cohorts.
Historically, the spinal cord has been regarded as a tightly networked, condensed structure containing well-organized and eloquent afferent and efferent sensorimotor pathways, with little capacity for compensatory mechanisms following injury in comparison to the brain. Thus, it would be reasonable to theorize that the presence of a spinal cord lesion would be associated with a clinically apparent physical examination finding or symptom, yet no such deficits were identified at the time spinal cord lesions were identified in our cohort. The current literature supports this as asymptomatic spinal cord lesions have been identified by clinicians unexpectedly, 3, 4, 11, 13 in the evaluation of suspected MS cases, 14 in CIS, 15, 16 and in established MS cases. 17 Despite this commonality in spatial involvement between demyelinating subtypes extending from asymptomatic to established cases of MS, the correlation between MS spinal cord lesions and clinical disability remains poor, 17, 18 affirming the intrinsic variability in the clinical expression of MS lesions.
The lack of overt subjective clinical symptoms reported by subjects with RIS or objective findings on neurologic examination suggests that the spinal cord may possess adept compensatory mechanisms for recovery. Alternatively, a critical mass in the degree of axonal loss may need to be reached before significant clinical findings are experienced. Previous data identified that axonal loss within the spinal cord in patients with MS are tract and fiber size specific, with smaller fibers measuring Ͻ3 m 2 being more susceptible to demyelinating injury. 19 Other factors that may explain why the cervical spine anomalies preceded distinct clinical events by nearly 2 years in our study include lesion site, axonal remyelination, or degree of recovery. 20 Interestingly, both acute and progressive demyelinating subtypes were identified as potential outcomes for subjects with RIS. Whether a similar prevalence for PPMS exists among those RIS cases that ultimately convert clinically is unknown. Thus far, only a single case of subclinical PPMS has been described, with a progressive phenotype observed 9 years after the identification of brain anomalies suspicious for MS observed while serving as a healthy control subject. 21 The results from this study underscore the value of assessing the structural integrity of the cervical spine in addition to the brain in demyelinating disease. However, the identification of MS foci by MRI may be biased due to differences in the timing and frequency of scanning along with MRI magnet field strengths and supporting software affecting image quality. Ideally, the use of a standardized imaging protocol and imaging data that encompass the entire central neuraxis would be highly valuable in assessing the extent of disease as demyelinating foci may occur in other spinal regions. The individual contribution of clinically discordant spinal cord lesions is currently unknown but represents an important data point not only in our understanding of MS, but also in relation to disability outcome measures.
This work suggests that a prospective study to understand the natural history of RIS is needed, incorporating a comprehensive array of clinical outcomes, standardized neuroimaging protocols, and molecular biomarkers to extend these data. These findings also affirm the importance of the inclusion of spinal cord imaging in the assessment and management of RIS cases. Subjects with RIS with spinal cord lesions may represent the group at highest risk for disease progression and, therefore, an ideal group in whom to study the effect of an immune-modulating therapeutic in clinical MS prevention. Large prospective studies of RIS with and without cervical lesions need to be performed to determine the actual risk of conversion to MS, in addition to searching for differing biological mechanisms that explain why some demyelinating cases appear to remain clinically silent for life, only to first appear unexpectedly at autopsy. 6
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